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[57] ABSTRACI‘ 
The cost-effectiveness of sulfur oxides and particulate 
matter removal is improved by placing a sulfur oxides 
or other acidic gases removal system and a multi-stage 
electrostatic precipitator within a single housing. The 
sulfur oxides or other acidic gas removal system works 
by spraying a neutralizing slurry or solution into incom 
ing ?ue gas to form neutral salts which dry in a reaction 
zone provided between the sulfur oxides or other acidic 
gas removal system and the electrostatic ?ltration mod 
ule. This system also provides for simple retro?tting of 
existing systems to include S0; or other acidic gas re 
moval systems. 

4 Claims, 14 Drawing Sheets 
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COMBINED ELECTROSTATIC PRECIPITATOR 
AND ACIDIC GAS REMOVAL SYSTEM 

This application is a continuation-in-part of applica 
tion Ser. No. 768,265, ?led Aug. 22, 1985, abandoned. 

BACKGROUND OF THE INVENTION 

The invention relates generally to air pollution con 
trol technology and more speci?cally to the removal of 
particulate matter and sulfur oxides (S0,, 80;) or other 
acidic gases, such as HCl, from contaminated gases. The 
following description of the invention refers primarily 
to removal of S0,; and particulates, since most of the 
experimental work by the inventors involved removal 
of oxides of sulfur and particulates from contaminated 
gases. However, because of the nature of the invention 
it can be utilized to remove acidic gases other than $0,‘. 
Thus, the reference to S0,, and S02 removal in this 
application is intended to include the removal of other 
acidic gases and particulates from a gas stream, and 
should not be construed as limiting the invention to the 
removal of only S0,, and particulates. 

In recent years, electric power generating plants and 
industrial boilers have been increasingly relying on high 
sulfur coals as a relative inexpensive fuel. This in turn 
results in the generation of excessive amounts of S0,‘. 
As a result, the seriousness of the “acid rain” problem 
has been increasing. 

Additionally, coal burning creates a large amount of 
particulate matter. This particulate matter often remains 
suspended in the air for a long period of time, thus 
creating a serious health problem. Since these particu 
late materials often are, or quickly become, charged, 
they tend to settle on oppositely charged surfaces. 
Thus, the particulates cause unsightly blemishes on 
building, trees, curtains, etc. Additionally, these partic 
ulates can settle on machinery and electronic equip 
ment, causing equipment malfunctions and increased 
wear and tear, resulting in economic loss. 

Thus, there have been several efforts to remove S0,, 
and to remove particulate matter from contaminated 
air. For example, in a process described by Kisters et al, 
in US. Pat. No. 4,229,411 (hereinafter referred to as 
Kisters et a1), an aqueous solution of a neutralizing 
agent, such as sodium hydroxide or milk of lime is 
sprayed into sulfur oxides containing air. Initially, the 
neutralizing agents react with sulfur oxides, yielding 
wet salts. As the drops of water evaporate, the air is 
cooled and dry salts are formed. The dry salts are then 
removed from the gas by an electro?lter. 

In both Rich (U .8. Pat. No. 4,349,359) and Fitch et al, 
small air borne particles are removed by charging the 
particles in a precharger and then subjecting the parti 
cles to an electrostatic precipitator. 

Heretofore, there have been no attempts to combine 
80,: control and particulate control technology in a 
single unit. A major reason why such a combination of 
technologies has not been attempted has been that each 
of these technologies has obtained a separate status in 
the art. Also, it has been thought that to combine S0,; 
and particulate control in a single apparatus or method, 
it was necessary to provide the spray and the precipita 
tor systems separately, thereby adding to the complex 
ity, size and cost of the necessary apparatus. For exam 
ple, most neutralizing spray systems have been incorpo 
rated in the ductwork leading to the electrostatic pre 
cipitator (hereafter referred to at times as ESP). 
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2 
SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
simple and economic means of removing both sulfur 
oxides or other acidic gases and particulate pollutants. 

It is another object of the present invention to com 
bine the removal of sulfur oxides and particulate pollut 
ants in a single unit. 

It is a further object of the present invention to pro 
vide a method and apparatus for removing both sulfur 
oxides and particulate matter from air which requires a 
relatively small amount of space in comparison to the 
prior art. 
These and other objects are achieved in the present 

invention. Water containing an alkali material, such as 
sodium bicarbonate, sodium carbonate, lime or lime 
stone, is injected at multiple injection sites into a gas 
stream containing sulfur oxides. The alkali materials 
react in solution with the sulfur oxides to neutral salts in 
a water solution. These salts then precipitate from the 
solution when the water droplets dry. The particles are 
then passed through a multi-stage electrostatic precipi 
tator which charges and removes them along with other 
particulate pollutants. 
Combined removal of sulfur oxides and particulate 

matter (hereinafter referred to at times as “E-SOX’) 
combines particulate and S0,, (typically 80;) collection 
in a single physical package. The first portion of the 
package consists of a liquid injection system through 
which alkali solution or slurry is injected. The injection 
system atomizes the liquid into small drops. S02 is re 
moved by the drops and by the residual solids left be 
hind after the drops evaporate. The second portion of 
the system consists of a multi-stage electrostatic precipi 
tator which collects the fly ash and the residual solids. 
The theory behind each of the two portions of the in 
vention is discussed below. 

S0,, control in E-SOX can be described by classical 
chemical engineering theory for heat and mass transfer 
to drops and solids. SO,‘ control in E-SOX can be di 
vided into three stages. The ?rst stage consists of mass 
transfer of the S0,, to the injected alkali drops. The 
second phase consists of mass transfer of S0,, to the wet 
alkali particles which exist after the drops are evapo 
rated. The ?nal phase consists of mass of SO,‘ transfer to 
the dry particles. The 80,, control in the ?rst two pha 
ses occurs at the same time that water is being 
evaporated-?rst from the drop and then from the wet 
particle. A description of the process can be developed 
from classical chemical engineering and is described in 
the report entitled “Modeling of S02 Removal in a 
Spray -Dryer Flue-Gas Desulfurizer” by Ashok S. 
Damle and Leslie E. Sparks presented at the 5th Sym 
posium on the Transfer and Utilization of Particulate 
Control Technology at Kansas City, Mo. Aug. 27-30, 
1984, incorporated 
This article reads as follows: 

INTRODUCTION 

Spray drying technology for S02 absorption/remo 
val from ?ue gases has been advanced for the past few 
years. In spite of a large amount of pilot-plant testing 
and a few full~scale commercial applications, however, 
there is still a lack of comprehensive predictive model 
ing of this process. A review of qualitative mechanisms 
so far proposed was published recently (1, 2). Semi 
empirical relationships have been developed to relate 
S02 removal efficiency of the spray dryer system with 
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stoichiometric ratio and approach to saturation (3, 4). 
Such relationships, due to the empirical parameters, 
tend to be speci?c for the spray dryer system used to 
obtain them. 

This paper presents a simple mathematical model 
describing various processes occurring in a spray-dryer 
?ue-gas desulfurization (FGD) system. The overall 
process is subdivided into subprocesses contributing to 
S0; removal. Various parameters required for such a 
mode are identi?ed. An overall qualitative picture is 
described ?rst in this paper, followed by modeling of 
the different subprocesses. 

OVERALL PROCESS 

In a spray dryer S02 removal system, a conventional 
spray dryer is typically used to contact SOg-laden ?ue 
gas with spray droplets of a slurry or a solution of a 
suitable sorbent. A typical schematic of a spray dryer 
system is shown in FIG. [7]. Rotary or pneumatic atom 
izers are used to inject the sorbent slurry/solution. 
Amount of sorbent added depends upon stoichiometric 
ratio to be used and the inlet ?ue gas S02 concentration. 
Amount of water added into the system is controlled by 
inlet ?ue gas temperature and humidity, and the desired 
approach to saturation at the spray dryer outlet. Lime 
slurry is typically prepared in a slaker to obtain a slurry 
of ?ne-grained lime particles. Although lime is predom 
inantly used as a sorbent, some studies have also been 
conducted with sodium carbonate and bicarbonate 
which are highly soluble and are therefore injected in a 
solution form. Flue gas is usually introduced at the top 
of spray dryer cocurrently with the sorbent, but other 
con?gurations are also possible. The ?ue-gas residence 
time is typically about 10 seconds. After the spray 
dryer, the ?ue gases, among with ?yash and dried sor 
bent/ product particles, pass through particulate control 
equipment, such as a baghouse or an electrostatic pre 
cipitator. Some particulate collection may also occur in 
the spray dryer itself. 

In the spray chamber, two processes occur simulta 
neously: water evaporates from the droplet: and S02 is 
absorbed in, and reacts with, the alkaline sorbent. The 
?ue gas is typically humidified adiabatically to within 
20° to 60° F.‘ of its saturation temperature. The sorbent 
in the spray droplets, along with the reaction products, 
is evaporated to apparent dryness up to a certain equi= 
librium moisture content and entrained in the ?ue gas. 
The resulting solid particles are removed in a particu 
late collection device. The amount of water evaporated 
from a droplet is determined by the operating condi 
tions of the dryer-inlet gas temperature, inlet gas rela 
tive humidity, approach to saturation temperature, and 
corresponding equilibrium moisture content of the 
solid. S02 may be removed by the sorbent both during 
and after drying of the droplets. It is commonly be 
lieved that most of the S02 removed before the slurry 
droplets are dried. Spray dryer operation nearer to 
?ue-gas saturation condition and higher stoichiometric 
ratios improve 80; removal ef?ciencies. S02 removal 
may continue through the particulate collection equip= 
ment as a gas passes through ?lter cake in the baghouse 
or over the deposits on the collection plates in case of an 
electrostatic precipitator. A portion _of the waste partic 
ulate discharge from the spray dryer and the particulate 
collection device may be recycled into the spray dryer’s 
feed slurry to increase the sorbent utilization. 
‘Use the_equation °C.=5/9 (‘R-32) to convert to the equivalent 
memc UB1! 
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4 
Although droplet evaporation and S02 absorption 

occur simultaneously, the droplet drying process is 
more or less independent of the S02 absorption process. 
On the other hand, the S02 absorption/ reaction process 
has been observed to be strongly related to the drying 
process and droplet moisture content. Thus, the drying 
process may be considered ?rst to estimate the drying 
time of a droplet, rate of drying, and the droplet mois 
ture content with time. The S02 absorption is then 
considered to determine the rate of absorption/reaction 
and the S02 removal during the droplet drying process. 
S02 absorption/reaction occurs both before and after 
drying of the droplets in the spray chamber and contin 
uous through the particulate collection device until the 
dried droplet is deposited. 

DRYING OF DROPLETS 

When sorbent is introduced in the slurry form, the 
slurry feed to the spray absorber is usually 60-95 per 
cent moisture and contains ?nely divided solid, sorbent 
particles suspended in liquid medium. The drying be 
havior of a slurry droplet with freely moving sorbent 
particles is similar to that of solution droplet. In line 
with conventional drying theory (5), the evaporation 
from a slurry/solution droplet may be expected to pro 
ceed in two stages. In the ?rst stage, the solid’s concen 
tration does not affect evaporation rate, and this stage 
continues until the moisture level falls below a critical 
moisture content. During this stage, similar to the con 
ventional constant drying-rate stage, the rate of evapo 
ration is solely determined by the resistance of the gas 
?lm surrounding the droplet to the transfer of water 
vapor. In case of a solution droplet, the solid phase 
appears during this stage as the amount of water remain 
ing in the droplet is reduced. In the second stage, the 
solid’s concentration reduces the rate of drying, since 
the moisture must diffuse through the solid matrix. Dur 
ing this stage, there is a change from water as a continu 
ous phase, initially in the droplet, to the solid matrix as 
a continuous phase; the solid individual particles touch 
each other and are no longer mobile in the droplet. The 
drying continues until the droplet moisture content 
reaches an equilibrium with the surrounding gas atmo 
sphere. The drying behavior of droplets in a spray 
chamber has been studied extensively, at least for the 
?rst stage (6, 7, 8, 9, 10). The drying process in the two 
stages are considered in the following section. 

CONSTANT RATE OF DRYING PERIOD 

The rate of droplet drying in this period is determined 
by the simultaneous heat transfer from gas phase to the 
droplet, and mass transfer from the droplet to the gas 
phase. The heat and mass transfer processes between 
droplet and surrounding gas phase have been studied 
extensively (l 1, 12). The respective transfer coef?cients 
may be determined by the widely used empirical corre 
lations by Ranz and Marshall (12): 

Nu=2+aReBPr'Y, (1) 

where Sh=Sherwood Number for mass transfer 
(kddd/D); Nu=Nusselt Number for heat transfer (d/k); 
Re=Reynolds Number based on droplet diameter an 
relative velocity between droplet and air (ddvp/u); 
Sc=Schmidt Number (p/pD); Pr=Prandtl Number 
(Cpp/k); kd=gas-phase mass-transfer coef?cient; 
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dd=droplet diameter; D=gas-phase diffusivity; 
h=convective heat-transfer coefficient; k=gas~phase 
thermal conductivity; v=relative velocity between 
droplet and gas phase; p=gas-phase density; itgas 
phase viscosity; and Cp=gas-phase speci?c heat. The 
best fit values for constants a, B, and ‘y, as given by ‘ 
Ranz and Marshall (12), are 
tively. 
To use the above correlations, the relative velocity 

between air and a droplet, v, is required. The movement 
of droplets in a spray chamber is highly complicated, 
but may be broken down into two stages: (1) decelera 
tion, and (2) free fall, with respect to air. Droplets often 
have very high initial velocity leaving the atomizer and 
are ?rst decelerated due to the resistance of the sur 
rounding air to a steady-state free-fall velocity. In the 
second stage the droplet may be considered to move at 
the free-fall velocity. The deceleration time depends 
upon the droplet diameter and is usually very short. For 
example, a IOO-ptm droplet may be decelerated from 67 
m/sec to 5 m/sec within 0.0185 second (6), and for 
smaller droplets less time would be required. Since this 
period is usually of short duration (less than 0.1 second), 
its contribution to drying of the droplet and SO; re 
moval may be ignored. The free-fall velocity of the 
droplets in the air may be approximately determined by 
the Stokes’ Law as: 

0.6, 0.5, and 0.33, respec 

v = (m — p); ‘1.12 (2) 
13,1. ' 

where p1=density of droplet and g=acceleration due 
to gravity. Ideally, a three-dimensional momentum bal 
ance equation should be considered for the droplet and 
gas phase to determine droplet trajectories and relative 
velocities in the spray chamber. However, only one 
dimensional gas phase and droplet flow is considered 
here for model simplicity. 

If the effect of relative velocity is ignored (v=0), 
Equation (1) simpli?es to: 

Sh, NuzZ. (3) 

For droplet temperature Td, bulk gas temperature Tg, 
bulk water vapor mole fraction xgw, and equilibrium 
vapor—mole fraction at droplet surface xd?v (see FIG. 
8a), the respective rates of mass (N w) and heat transfer 
(Q are given by: 

and 

Q=h7Td2(Tg— Ta), (5) 

where c=mean molar density of the gas phase, Nw=the 
molar rate of mass transfer (evaporation of water), 
Q=rate of heat transfer, and h=heat transfer coeffici 
ent. 
The above equations, however, do not take into ac 

count the effect of water evaporation on the heat and 
mass transfer rates. For a quiescent droplet-gas system 
(v=0) (FIG. 8b), a rigorous analysis, taking into ac 
count the above effects, leads to the following expres— 
sions: 

1 (6) 
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6 
-continued 

and 

(7) 

]. 
where e=base for natural logarithm, and e=dimension 
less heat-transfer rate factor and, for water, is given by: 

(8) 

where Cp=speci?c heat of water vapor. 
Equations (6) and (7) take into account the effect of 

evaporation of water on the rates of heat and mass . 
transfer, and they approach Equations (4) and (5) for 
low droplet Reynolds Number when Sh, Nuz2, and 
for low rates or water evaporation. 

FALLING RATE OF DRYING PERIOD 

The constant rate-drying process continues until the 
moisture content the droplet falls below a critical mois 
ture content at which of the solid’s concentration beings 
to in?uence the drying rate. Critical moisture content of 
the droplet is also a property peculiar to its solids prop 
erties such as hygroscopicity (13). The critical moisture 
content may be considered as the one at which the solid 
particles begin to touch each other and form a continu 
ous phase. The drop diameter then does not change 
during further drying (14). This period continues until 
the moisture content reaches an equilibrium value. 

In this period, drying is controlled by diffusion of 
moisture through the solid matrix. The drying rate may 
be assumed to fall linearly between the critical-moisture 
content and equilibrium-moisture content, and may be 
expressed by: 

Rate of Drying = 

Rate of drying based on 
gas-phase resistance alone 

where X=droplet moisture content at time t, wt. % dry 
basis; Xe=equilibrium-moisture content, wt. % dry 
basis; and X¢=critical-moisture content, wt. % dry 
basis. The rate of drying, based on gas-phase resistance 
alone, is determined using equations developed earlier 
in this paper. The parameters, critical-moisture content 
and equilibrium-moisture content, depend upon the 
solid’s content and their properties and must be deter 
mined experimentally. The critical-moisture content for 
lime, clay, etc., is typically in the rang of 25-60 percent 
moisture. Solid’s properties, such as hygroscopicity and 
deliquescent nature, and the relative humidity of sur 
rounding gas determine the equilibrium-moisture con 
tent. -For given solids, equilibrium-moisture content 
varies linearly with respect to relative humidity of the 
surrounding gas phase. 

In a given spray-dryer system, the final moisture 
content at the spray-dryer exit may be expected to be 
close to the equilibrium-moisture content. The final 
moisture contents in droplets at the spray-dryer exit 
were reported by Felsvang (15) from a pilot-plant study 
and were found to depend upon the approach to satura 
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tion temperature and the droplet size. The fact that 
moisture content depends on droplet size indicates that 
the larger droplets did not reach an equilibrium state by 
the end of spray drying in this particular study. The 
measured moisture contents in this study ranged from 
0.5 to 1.5 percent for “very ?ne” droplets and 0.5 to 3.0 
percent for “?ne” droplets. There seem to be a lot of 
variations in measured values of solid, moisture content 
at the stray-dryer outlet as reported in the literature. 
For example, Stevens et al. (16) reported measured 
values of moisture content which ranged from 5 to 20 
percent, which is almost an order of magnitude higher 
than those of Felsvang’s (15) work. Stevens et al. (16) 
also reported variations in moisture content with resi 
dence time and atomizer speed for the same approach to 
saturation, indicating that the droplets had not reached 
an equilibrium-moisture level. 

Determination of equilibrium-moisture content is 
very important to estimate the drying time of the drop 
let in this second period. This is also critical for predic 
tion of SO; removal, as the aqueous reactions may be 
assumed to continue until the droplet reached low 
enough moisture content. High equilibrium-moisture 
content may enhance continued S02 removal after the 
droplet is “dried” to its equilibrium moisture value. 
The critical~=moisture content divides the total drying 

time in the above-mentioned two stages and is thus 
important as different drying-rate relations apply in 
each stage. The drying time required for each stage may 
be determined using the apparatus drying-rate expres 
sion and the parameters, critical~ and equilibrium-mois 
ture content of solids. 

S02 ABSORPTION/REACTION IN SPRAY 
DRYER 

Absorption and reaction of S02 in a sorbent droplet 
occurs both before and after drying of the droplet up to 
an equilibrium-moisture content. Presence of moisture 
during wet-droplet stage plays an important role as it 
provides an aqueous medium for absorption and fast 
ionic reaction of S02 . The lack of moisture in dry-parti 
cle stage considerably reduces the rate of S02 removal 
as absorption and reaction in solid phase is likely to be 
slower. This is especially true for the lime sorbent 
which has a low reactivity in solid phase. The mecha 
nism of S02 removal in the two stages are distinctly 
different and, therefore, will be considered separately. 

WET-PARTICLE STAGE 

During the wet stage, moisture in the droplet partici 
pates actively in the overall S02 removal process. S02 
is transported from the bulk-gas phase to the droplet 
surface by gas-phase diffusion process. The dissolved 
S02 migrates from the interface to the interior of the 
droplet by liquid-phase diffusion and reacts with the 
dissolved sorbent. If a sparingly soluble sorbent, such as 
lime, is used, dissolution of sorbent also becomes impor 
tant. If the ionic reaction between sorbent and S02 is 
considered as very fast, both species may migrate to a 
reaction plane or zone in the bulk liquid as shown in 
FIG. [9]. The dissolution process will not be present in 
case of a highly soluble sorbent, but the overall process 
may still be represented by FIG. [9] by replacing the 
equilibrium-solubility sorbent concentration by the bulk 
liquid-phase sorbent concentration. ' 
The above picture is easier to visualize for a wet 

droplet with a moisture content greater than the critical 
moisture content when the sorbent particles are freely 
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8 
moving. The above processes become less obvious dur 
ing further drying as the water phase becomes discon 
tinuous. Nevertheless, for model simplicity, the mois 
ture held within particle interstices may still be assumed 
to provide enough aqueous medium for the S01 absorp 
tion process. S02 removal during the wet stage by the 
above mechanism may be assumed to continue till the 
moisture content in the droplet falls to a certain low 
level, the lower limit being the equilibrium moisture 
content. After that, the droplet may be considered as a 
dry-porous solid to determine further S02 removal. 
Speci?c steps that are involved in the removal of S02 
during a wet-droplet stage may be described as follows: 
1. Transfer of S02 from bulk-gas phase to droplet/parti 

cle surface. The rate of transfer in this step is con 
trolled by the resistance of a gas ?lm around the 
droplet. 

2. Dissolution of S02 into the liquid phase in the drop 
let, and transfer of dissolved S02 from the droplet 
surface to interior liquid. The transfer rate is con~ 
trolled by the liquid-?lm resistance in this step. 

3. Dissolution of lime into this liquid phase. 
4. Ionic reaction between dissolved S02 and dissolved 

lime in liquid phase. 

Gas-Film Resistance 

Diffusion of S02 from the bulk-gas phase to the drop 
let surface is similar to water evaporation from the 
droplet surface, and similar correlations apply. 
The Sherwood Number for mass transfer is given by: 

Sh=2+0.6Re°-5Sc°~33, (1') 

and in a limiting case for small droplets and low Rey 
nolds Number (as discussed earlier in this paper), Sh: 2. 
The rate of S02 transfer, NS, from gas phase to droplet 
surface would then be given by: 

Ns=kd(17dd2)¢(-xg,s—xd,s)- (10) 

where Kg’; and x; are mole fractions of SO; in gas phase 
at the bulk gas and at the droplet surface, respectively. 
[see also Equation (4)]. 
The above formulation does not however, take into 

account the effect of water evaporation on S02 diffu 
sion. This may be done in a rigorous analysis for a quies 
cent droplet=air system which gives the rate of S02 mass 
transfer under condition Nw> >Ns, as: 

where F =exp(N w/21rD502 -am'dd). 
The rate of S02 transfer from gas phase to droplet 

surface, as given by Equations (10) and (l l), is strongly 
dependent on $0; concentration in the bulk-gas phase. 

Liquid-Film Resistance 
No good correlations are available to estimate the 

liquid-phase resistance in the droplet to the mass trans 
fer. An order of magnitude estimate may be obtained. 
For a droplet diameter of 25—50 pm containing primary 
lime particles of the order of l-5 pm, the liquid-?lm 
thickness, '0‘, at the surface contributing this resistance 
may be considered to be of the order of 1 pm. The 
liquid-phase mass transfer coef?cient may then simply 
be obtained as the ratio of diffusivity of SO; in liquid 
and 6; > 



4,885,139 

DSOZ-water (l2) 
z 0.17 cm/sec, 

Important consideration should be given to the en 
hancement of this liquid ?lm mass-transfer coef?cient 
due to the very fast reaction of dissolved S0; with 
dissolved lime in the bulk liquid. From the theory of 
mass transfer with chemical reaction in liquid phase 
(17), thisenhancement may be expected to be on the 
order of 11>: 

(13) ¢ = 1 + Dlimewater C'Iime 
DSOl-water C'SOI ’ 

where D=diffusivity, and C*=equilibrium solubility 
concentration. 

Calculations using typical diffusivity and solubility 
values indicate that, due to this enhancement factor, 4), 
the liquid-phase resistance to 50¢ mass transfer is two 
orders of magnitude smaller compared to gas-phase 
resistance (18). Therefore, the liquid-phase resistance 
may be ignored in model simulations without signi?cant 
error. 

Dissolution of Lime 

‘This step is obviously required only for sorbents such 
as lime which are sparingly soluble in water. Rate of 
dissolution if lime may be approximately estimated 
using the diffusivity of lime in water, its solubility, and 
the average distance between lime particles in the drop 
let. Based on a simple ?lm model (FIG. 3), the rate of 
lime dissolution from a single lime particle, R1,, is sus 
pended in a lime slurry droplet is given by: 

1, 
where dp=average primary lime particle diameter; 
C1*=equilibrium solubility concentration of lime in 
water; C1=concentration of lime in bulk solution; and 
8=liquid ?lm thickness responsible for lime dissolution 
and may be approximated to half of the interparticle 
distance between lime particles suspended in a droplet. 
For particle diameter, dp, and moisture-volume frac 

tion, w, the ?lm thickness, '0‘, based on interparticle 
distance, may be given for a cubical particle arrange 
ment as: 

- 1.0 

For fast reaction between dissolved S02 and lime, 
both the species diffuse to a reaction front where C1 z(). 
The rate of lime dissolution from all lime particles in a 
droplet, Rd, assuming a discrete primary lime particle 
size distribution with I size charmels, is given by: 

(15) 
0.973 

I 16 
Rd= _ZlRp,rni, ( ) 

1: 

where Rp,,‘=rate of lime dissolution from a single lime 
particle of size d”, and n,-=number of lime particles of 
size d;,,,- in a droplet. The above equations are of course 
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10 
approximate, and better correlation should be devel 
oped by carrying out lime-dissolution experiments. 

Liquid-Phase Reaction Rate 

For a finite liquid-phase reaction rate for the reaction 
between dissolved S02 and sorbent, it may be necessary 
to consider its effect on overall removal of 80;. Since 
the concentration of dissolved sorbent (e.g., lime) is 
usually in large excess to dissolved S02 concentration, 
the reaction rate may be expected to depend predomi 
nantly on liquid-phase S02 concentration. The rate of 
reaction in such a case may be expressed by: 

N: 

1rd 

where kr=volumetric reaction rate coefficient; w=vo 
lume fraction of liquid in droplet; CSm,1=liquid-phase 
S02 concentration; c=molar density of gas phase; x4’; 
=mole fraction of S02 in the gas phase at the droplet 
surface; and H=Henry’s Law constant. 

Equation (17) may be combined with Equation (10) 
to obtain a reduction factor, Ill, for the gas-phase mass 
transfer: 

(13) 
rate of mass transfer with 

‘1" = 1 ___ ?nite liguid-phasg reaction rate 
611 kg rate of mass transfer with 

1 + ddw kr gas-phase resistance alone 

For in?nite liquid-phase reaction rate (lo-x1), of course 
¢=1. . 

In case of in?nite liquid-phase reaction rate, the con 
trolling mechanisms of S02 removal will be determined 
by relative values of NS and Rd as given by Equations 
(11) and (16) for S02 gas-phase mass transfer and lime 
dissolution rate, respectively. If Ns>Rd, the overall 
S02 removal rate will be controlled by lime dissolution 
rate and by given by R42. On the other hand if NS21 R4, 
the gas-phase mass-transfer resistance to S0; transfer 
will control its removal rate. 

Effect of Product Precipitation 

In developing above relations, the effect of product 
formation is ignored. The reaction products of lime 
(e.g., Cast); and CaS04) have low solubility and would 
therefore precipitate within the droplet. As this precipi 
tation may take place on existing lime particles, it may 
affect the lime dissolution rate. In deriving relationships 
for the rate of lime dissolution, it was assumed that all 
the particle surface area is available for dissolution. The 
reduction in lime dissolution rate would be directly 
proportional to surface area of a lime particle ob 
structed by product precipitation. In the early stages of 
drying, this effect would tend to be minimal because of 
the mobility of lime particles within a droplet and also 
due to the low level of product formation. This effect 
would increase signi?cantly as the solid phase becomes 
the continuous phase, since the immobility would allow 
the precipitated product layer to build up on the lime 
particle surface. A simpler way to account for this ef 
fect in the model is to ignore it in the early stages until 
moisture content falls to the critical moisture content, 
and in later stages consider the dissolution rate to be 


















